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(57) ABSTRACT

A robot system includes a robot and a robot control device.
The robot has a plurality of joint axes including a redundant
axis. The robot control device includes a first command gen-
erator, a limit avoidance command generator, a posture opti-
mization command generator, a null space matrix calculator,
a second command generator and a controller. The first com-
mand generator generates a first joint angular speed com-
mand for the robot. The limit avoidance command generator
generates a joint angular speed command A for the robot for
avoiding a state in which the robot reaches an operating limit.
The posture optimization command generator generates a
joint angular speed command B for the robot for optimizing a
posture of the robot. The null space matrix calculator calcu-
lates a null space matrix of a Jacobian matrix related to a
control point. The second command generator generates a
second joint angular speed command for the robot.
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ROBOT SYSTEM, ROBOT CONTROL
DEVICE AND METHOD FOR CONTROLLING
ROBOT

CROSS-REFERENCE TO RELATED
APPLICATION

The present application is a continuation application of
International Application No. PCT/JP2011/071137, filed
Sep. 15, 2011. The contents of these applications are incor-
porated herein by reference in their entirety.

FIELD

The embodiment discussed herein is directed to a robot
system, a robot control device and a method for controlling a
robot.

BACKGROUND

Patent Literature 1 discloses an operation locus teaching
method for a robot, which is capable of creating operation
locus teaching data using a robot having a redundant degree
of freedom not affecting robot work, in addition to a degree of
freedom required for work by the robot.

This operation locus teaching method is characterized in
that the redundant degree of freedom is decided based on an
evaluation function having the redundant degree of freedom
as an element and representing a margin of a joint angle space
of the robot.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent Application Laid-open
No. H6-187020

SUMMARY

According to one aspect of embodiments, a robot system
includes a robot, and a robot control device that controls the
robot. The robot has a plurality of joint axes including a
redundant axis, the joint axes being driven by a servomotor.
The robot control device has a first command generator, a
limit avoidance command generator, a posture optimization
command generator, a null space matrix calculator, a second
command generator and a controller. The first command gen-
erator generates a first joint angular speed command for the
robot on the basis of an input speed command for a control
point of the robot. The limit avoidance command generator
generates a joint angular speed command A for the robot for
avoiding a state in which the robot reaches an operating limit,
on the basis of an evaluation function A, while a signal A is
being input. The posture optimization command generator
generates a joint angular speed command B for the robot for
optimizing a posture ofthe robot, on the basis of an evaluation
function B, while a signal B is being input. The null space
matrix calculator calculates a null space matrix of a Jacobian
matrix related to the control point. The second command
generator generates a second joint angular speed command
for the robot on the basis of the joint angular speed command
A, the joint angular speed command B, and the null space
matrix. The controller controls the servomotor on the basis of
a third joint angular speed command that is a sum of the first
and second joint angular speed commands.
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BRIEF DESCRIPTION OF DRAWINGS

A more complete appreciation of the invention and many of
the attendant advantages thereof will be readily obtained as
the same becomes better understood by reference to the fol-
lowing detailed description when considered in connection
with the accompanying drawings, wherein:

FIG. 1is a configuration diagram of a robot system accord-
ing to a first embodiment.

FIG. 2 is a flowchart illustrating operation of the robot
system.

FIG. 3 is a flowchart illustrating a limit avoidance opera-
tion of the robot system.

FIG. 4 is a flowchart illustrating a posture optimization
operation of the robot system.

FIG. 5 is an illustration of a display screen provided on a
teaching pendant of the robot system.

FIG. 6 is a functional block diagram of the teaching pen-
dant of the robot system.

FIG. 7 is an illustration of an evaluation function V .
calculated by a limit avoidance command generator of a robot
control device of the robot system.

FIG. 8 is an illustration of an evaluation function V
calculated by the limit avoidance command generator of the
robot control device of the robot system.

FIG. 9 is an illustration of a teaching pendant of the robot
system according to a second embodiment.

FIG. 10 is a flowchart illustrating operation of the robot
system.

DESCRIPTION OF EMBODIMENTS

Embodiments will now be described with reference to the
accompanying drawings to provide understanding of the
embodiments. In the drawings, parts that are not related to the
description may be omitted.

First Embodiment

A robot system 10 according to a first embodiment
includes, as illustrated in FIG. 1, a robot 12 having first to
seventh joint axes J1 to J7, a robot control device 14 control-
ling operation of the robot 12, and a teaching pendant 16 for
teaching a position and posture of the robot 12.

A robot coordinate system Cr illustrated in FIG. 1 is, for
example, an orthogonal coordinate system. In the orthogonal
coordinate system, the origin is at a point on the first joint axis
J1 of the robot 12, the X axis extends in the front-back
direction of the robot 12, the Y axis extends in the left-right
direction, and the Z axis extends in the up-down direction.

The robot 12 is a redundant robot, for example, a seven-
axis vertical multi-articulated robot including the joint axis J3
as a redundant axis. Each of the joint axes J1 to J7 is driven by
a servomotor (not illustrated) containing an encoder. The
robot 12 is not limited to a seven-axis vertical multi-articu-
lated robot. Other examples of the robot include a robot
having a joint axis redundantly with the degrees of freedom of
the work space of the robot. For example, a three-axis robot
having only three joints each rotating around the Y axis of the
robot coordinate system Cr has redundancy on the XZ plane.
This three-axis robot is therefore a robot that has a joint axis
redundantly in relation to operation on the XZ plane. That is,
the robot may be any redundant robot that has a redundant
degree of freedom, irrespective of the number of axes of joints
and the axial configuration.

The robot control device 14 is connected to the robot 12.
The robot control device 14 includes a first command genera-
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tor 14a, a limit avoidance command generator 145, a posture
optimization command generator 14¢, a null space matrix
calculator 144, a second command generator 14e, a position
and speed controller (an example of the controller) 14f, and a
monitor 14g. The robot control device 14 is installed with a
CPU (not illustrated), and the function of each block illus-
trated in FIG. 1 is implemented by a software program
executed by the CPU or hardware.

With input of a speed command V for the hand of the robot
12 (hereinafter simply referred to as “hand speed command™),
the first command generator 14a can generate a joint angular
speed command (first joint angular speed command) wrefl,
based on the speed command V.

With input of a signal A from the teaching pendant 16, the
limit avoidance command generator 145 can output a joint
angular speed command (joint angular speed command A)
¢ 207 Tor the robot 12 to avoid a limit. The signal A will be
described later.

Here, the limit refers to a state in which the robot 12 reaches
an operating limit, and includes, for example, the following
first to third limits.

The first limit is a limit in a case where a joint axis reaches
a movable limit angle. The movable limit angle includes a
movable limit angle that is mechanically determined in terms
of'the design of the robot 12, and a movable limit angle that is
set as desired by software. Either limit can be applied.

The second limit is a limit in a case where the robot 12
approaches an obstruction (for example, peripheral equip-
ment or any other robots) to a distance set by software.

The third limit is a limit in a case where the robot 12
approaches a singular posture to a range set by software. The
robot reaching the third limit is given an excessive joint
angular speed command. Here, the singular posture of the
robot is a posture in which a particular degree of freedom is
lost due to a kinetic state such as the position of a joint of the
robot and the direction of a rotor axis. For example, if an
operation command is given in a particular direction in a
posture in which the second joint axis J2, the fourth joint axis
J4, and the sixth joint axis J6 of the robot 12 lie on a straight
line, the joint angular speed commands for these joints
become excessive.

The limit avoidance command generator 145 can generate
1) a joint angular speed command ¢, ~ for avoiding the first
limit, 2) a joint angular speed command ¢, for avoiding the
second limit, and 3) a joint angular speed command ¢, for
avoiding the third limit, in accordance with the kinds of limits
as described above. The detailed method of generating these
joint angular speed commands ¢ ;- $oycr Psyc Will be
described later.

The limit avoidance command generator 145 can output
the sum of the generated joint angular speed commands ¢ ; .,
Poscs Psyc s ajoint angular speed command ¢; -

With input of a signal B from the teaching pendant 16, the
posture optimization command generator 14¢ can output a
joint angular speed command (joint angular speed command
B) ¢ o7 for optimizing the posture of the robot 12. The signal
B will be described later.

Here, the optimization of a posture of the robot 12 includes,
for example, the following first and second optimizations.
The first optimization is an optimization for reducing the
operating time of the robot 12. The second optimization is an
optimization for improving manipulability of the robot 12.

The posture optimization command generator 14¢ can gen-
erate 1) ajoint angular speed command ¢ ;- . for reducing the
operating time and 2) ajoint angular speed command ¢, for
improving manipulability, in accordance with the kinds of
optimizations. The detailed method of generating these joint
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angular speed commands ¢ 7,4, ¢4 Will be described later.
The kinds of optimizations are determined based on the value
of'a signal B, output from the teaching pendant 16.

The posture optimization command generator 14¢ can out-
put the generated joint angular speed commands ¢ 7,5 P54
as a joint angular speed command ¢ 7

The null space matrix calculator 14d can calculate a null
space matrix N of a Jacobian matrix J related to the hand (an
example of the control point) of the robot 12, based on the
joint angle of the robot 12. Specifically, the null space matrix
calculator 144 can obtain the position and posture of the hand
of'the robot 12 and the direction of each of the joint axes J1 to
J7 from the joint angle (the current value of the joint angle)
and calculate the null space matrix of the Jacobian matrix
related to the hand of the robot 12.

The null space matrix is an operation matrix for generating
an operation command for the redundant degree of freedom
with the position and posture of the hand being kept, in a
redundant robot. Here, this operation command is not a com-
mand only to a particular axis, i.e., a redundant axis, but is a
command to a redundant degree of freedom (the joint degree
of freedom that does not affect the position and posture of the
hand), wherein control target axes are all or some of the axes
including the redundant axis and vary depending on the pos-
ture and the operating direction of the robot in each control
cycle. Here, the control target axes will be described by taking
a three-axis robot having only three joint axes (first to third
joint axes) each rotating around the Y axis of the robot coor-
dinate system Cr, as an example. The control target axis as a
redundant degree of freedom in this case is not limited to one
of the first to third joint axes of the three-axis robot but is at
least one of the first to third joint axes that can rotate around
the'Y axis of the robot coordinate system Cr (that can change
the posture) with the hand position being kept. Which of the
joint axes is to be set as a control target axis is calculated using
the null space matrix. For example, when the third joint axis
reaches the operating limit and cannot contribute to the opera-
tion of moving the hand in the Z-axis direction or the X-axis
direction, the control target axes as a redundant degree of
freedom are the first joint axis and the second joint axis.

The null space matrix N is calculated by the following
equation, based on the Jacobian matrix J related to the hand,
the pseudo inverse matrix J* of the Jacobian matrix, and the
unit matrix I.

N=[-J*J Equation (1)

When a part other than the hand of the robot 12 is set as a
control target part (control point), the Jacobian matrix of the
control target part is used.

The joint angle and the joint angular speed of the robot 12
are obtained based on the result of multiplying an encoder
value fed-back from the encoder, by a reduction ratio.

The second command generator 14e can generate a joint
angular speed command (second joint angular speed com-
mand) wref2 based on the joint angular speed command
¢, 7 the joint angular speed command ¢, and the null
space matrix N. The generated joint angular speed command
wref2 is added to the joint angular speed command wrefl
generated by the first command generator 14a to yield a joint
angular speed command (third joint angular speed command)
wret3 (see FIG. 1).

The position and speed controller 14/ can control the ser-
vomotor based on a difference e between the joint angular
speed command wref3 and a joint angular speed feedback
wfb, and control the position and speed of each joint. In the
present embodiment, the joint angular speed command wref3
is used as a command to the position and speed controller 14f.
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A joint angle command obtained by adding the joint angular
speed command wref3 to the current joint angle of the robot
12 may be used as a command to the position and speed
controller 14f

The number of the position and speed controllers 14f pro-
vided corresponds to the number of the joint axes J1 to J7 that
constitute the robot 12.

The monitor 14g can determine whether the robot 12
reaches a limit. The monitor 14g can stop operation of the
robot 12 and output an alarm when a limit is reached.

Specifically, the monitor 14g can determine whether the
first limit is reached, by monitoring the angle of each of the
joint axes J1 to J7.

The monitor 14g can also determine that the second limit is
reached, by calculating the distance between the robot 12 and
an obstruction based on the position and size of the obstruc-
tion that are registered in advance. When the position and size
of the obstruction are not registered in the robot control
device 14 in advance, the operator can determine by visual
inspection that the second limit is reached, and then stop
operation of the robot 12.

The monitor 14g can also determine whether the third limit
is reached, by monitoring the posture of the robot 12 (the
current value 8fb of the joint angle of the robot 12) and the
joint angular speed command wref3, because an excessive
joint angular speed command wref3 is generated when the
robot 12 approaches the singular posture. The singular pos-
ture of the robot 12 is a posture in which the second joint axis
J2, the fourth joint axis J4, and the sixth joint axis J6 lie on a
straight line. The singular posture of the robot varies depend-
ing on the configuration of the link.

The teaching pendant 16 is connected to the robot control
device 14. The teaching pendant 16 is provided with a jog
manipulation button 20, a first limit avoidance button (an
example of the first signal output unit) 21, a first posture
optimization button (an example of the second signal output
unit) 22, and a display screen 32.

The operator of the robot 12 can use the jog manipulation
button 20 provided on the teaching pendant 16 to jog-manipu-
late the robot 12 and teach a work program for the robot 12.

The operator can also use a replay button 19 provided on
the teaching pendant 16 to perform a work program replay
operation.

In addition, the operator can use the teaching pendant 16 to
allow a control target part (control point) of the robot 12 to
operate based on a designated coordinate system.

Here, the control target part is, for example, the hand of the
robot 12. Other examples of the control target part include a
particular part of a joint of the robot 12 and the tip of an end
effector attached to the hand.

The designated coordinate system is, for example, the
robot coordinate system Cr. When the robot coordinate sys-
tem Cr is selected as the designated coordinate system, the
hand of the robot 12 can be moved in the X-axis direction, the
Y-axis direction, and the Z-axis direction as well as the rota-
tion direction around the X axis, the rotation direction around
theY axis, and the rotation direction around the Z axis. Other
examples of the designated coordinate system include a joint
coordinate system and a coordinate system set as desired by
the operator of the robot 12.

The jog manipulation button 20 is a button for the operator
to jog-manipulate the robot 12. When the jog manipulation
button 20 is pressed, the teaching pendant 16 outputs a preset
hand speed command V.

The first limit avoidance button 21 is a button for the
operator to give an instruction to avoid a limit. When the first
limit avoidance button 21 is pressed, the teaching pendant 16
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outputs the signal A. The first limit avoidance button 21 takes
momentary action. That is, the teaching pendant 16 outputs
the signal A while the first limit avoidance button 21 is being
pressed.

The first posture optimization button 22 is a button for the
operator to give an instruction to optimize a posture of the
robot 12. When the first posture optimization button 22 is
pressed, the teaching pendant 16 outputs the signal B. The
first posture optimization button 22 takes momentary action.
That is, the teaching pendant 16 outputs the signal B while the
first posture optimization button 22 is being pressed.

A display area corresponding to the function of the robot
control device 14 is configured on the display screen 32 of the
teaching pendant 16, and information such as characters and
images is displayed in this display area. When a posture
optimization assist function is performed for assisting in opti-
mization of a posture of the robot 12 as described later, a
display area D1 on the left side, a display area D2 on the upper
right side, and a display area D3 on the lower right side are
configured on the display screen 32, for example, as illus-
trated in FIG. 5. A work program in which teaching data for
the robot 12 is written is displayed in the display area D1. A
graphics image representing the posture of the robot 12 at
present is displayed in the display area D2. A graphics image
representing the robot 12 with the optimized posture is dis-
played in the display area D3.

The teaching pendant 16 further includes a posture optimi-
zation command generator 16¢, a null space matrix calculator
16d, a second command generator 16e, and a robot model
rendering unit (an example of the rendering unit) 167, as
illustrated in FIG. 6.

The posture optimization command generator 16¢ operates
substantially in the same manner as the posture optimization
command generator 14¢ provided in the robot control device
14. With input of a signal S, the posture optimization com-
mand generator 16¢ can output a joint angular speed com-
mand ¢z, for optimizing a posture of the robot 12.

The null space matrix calculator 164 operates substantially
in the same manner as the null space matrix calculator 144
provided in the robot control device 14. The null space matrix
calculator 164 can calculate a null space matrix Na of the
Jacobian matrix related to the hand of the robot model, based
onajoint angle 8, fb output by the robot model rendering unit
167

The second command generator 16¢ operates substantially
in the same manner as the second command generator 14e
provided in the robot control device 14. The second command
generator 16e can generate a joint angular speed command
wref2a based on the joint angular speed command ¢, and
the null space matrix Na. The generated joint angular speed
command wref2a is integrated by an integrator 16/ and added
to the current value 6fb of the joint angle of the robot 12 that
is transmitted from the robot control device 14, to yield a joint
angle 0,,,.

The robot model rendering unit 167 can create a graphics
image of the robot 12 based on the joint angle of the robot 12
and render the image on the display screen 32. The robot
model rendering unit 167 can render a graphics image of the
robot model having the joint angle 6fb in the display area D2,
based on the current value 61b of the joint angle of the robot
12 that is transmitted from the robot control device 14. If the
joint angle 6fb of the robot 12 changes, the robot model
rendering unit updates the rendering of the graphics image as
needed.

The robot model rendering unit 167 can also render a
graphics image of the robot model whose joint angle is the
angle 0, in the display area D3, based on the joint angle 8,,,.
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The teaching pendant 16 is provided with a switch button
25 (see FIG. 1) to switch a target manipulated by the operator
to one of the actual robot 12 and the robot model displayed in
the display area D3.

The posture optimization command generator 16¢, the null
space matrix calculator 164, the second command generator
16¢, and the robot model rendering unit 167 may not neces-
sarily be provided in the teaching pendant 16. That is, the
same configuration can be implemented such that some of the
posture optimization command generator 16¢, the null space
matrix calculator 16d, the second command generator 16e,
and the robot model rendering unit 167 are provided, for
example, in the robot control device 14, and the robot control
device 14 and the teaching pendant 16 communicate with
each other to transmit/receive data.

Referring now to FIG. 2, the operation of the robot system
10 will be described.

The operator can manipulate the position and posture of the
hand of the robot 12 by pressing the jog manipulation button
20. If the robot 12 reaches a limit while the position and
posture of the hand is being manipulated, the operator can
press the first limit avoidance button 21 to allow all the joint
axes J1 to J7 of the robot 12 including the redundant axis J3 to
operate, and avoid the limit with the position and posture of
the hand being kept. The operator can also press the first
posture optimization button 22 to allow all the joint axes J1 to
J7 of the robot 12 including the redundant axis J3 to operate,
and optimize a posture of the robot 12 with the position and
posture of the hand being kept.

(Step Sal)

The operator presses the jog manipulation button 20 to
move the hand of the robot 12 to the desired position and
posture. The hand speed command V is input from the teach-
ing pendant 16 to the first command generator 144 illustrated
in FIG. 1. The first command generator 14a generates the
joint angular speed command wrefl using Equation (2),
based on the hand speed command V and the pseudo inverse
matrix J* of the Jacobian matrix related to the hand of the
robot 12.

wrefl=J"V Equation (2)

The first command generator 14a may generate the joint
angular speed command wrefl without using Equation (2).
For example, the first command generator 14a may generate
the joint angular speed command wrefl by integrating the
hand speed command V for conversion into a hand position
command and thereafter performing an inverse kinematics
calculation.

(Step Sa2)

The monitor 14g determines whether the robot 12 reaches
a limit.

‘When the monitor 14g determines that the robot 12 reaches
a limit, the robot 12 is stopped, and an alarm is output. The
limit avoidance operation for avoiding a limit at the next step
Sa3 is thereafter performed.

When the monitor 14g determines that the robot 12 does
not reach a limit, the processing proceeds to step Sad.

(Step Sa3)

When the operator of the robot 12 releases the finger from
the jog manipulation button 20 and presses the first limit
avoidance button 21, the signal A is input to the limit avoid-
ance command generator 145 (see FIG. 1), whereby the fol-
lowing step Sa31 and step Sa32 (see FIG. 3) are processed in
order.

As a result, the robot 12 performs the limit avoidance
operation for avoiding a limit.
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(Step Sa31)

The limit avoidance command generator 145 calculates the
joint angular speed commands ¢ ; -, G40 P54 fOr avoiding
the first to third limits, respectively, in accordance with the
alarm output by the monitor 14g. A method of calculating
each of the joint angular speed commands ¢ ; -, ¢oycs Pssc
will be described below.

(1) Calculation of Joint Angular Speed Command ¢ ;;

The joint angular speed command ¢, . for avoiding the
first limit is calculated by Equation (3), Equation (4a), and
Equation (4b), based on an evaluation function V. (an
example of the evaluation function A).

Qrrc=—grad(Vope) Equation (3)

When 0_<0<0,:

V=0 Equation (4a)

Except when 6_<6<0,:
VJLCZO-SKJLC(GLH\/I_S)z

The processing of Equation (3), Equation (4a), and Equa-
tion (4b) is performed for each of the joint axes J1 to J7. The
coefficient K ; is the gain (weight) of the joint angular speed
command.

The angle 6, ;,,1s a set angle set as an angle (movable limit
angle) for limiting the movable range of each joint. The angle
0 is the current value of the angle of each joint.

The angle 6_ and the angle 0, are the upper limit and the
lower limit, respectively, of the set angle 0, ,,,and represent
the limit area in which the evaluation function V; . is calcu-
lated (see FIG. 7).

As indicated by Equation (4a) and Equation (4b), the evalu-
ation function V ; . is calculated only for the joint that enters
the limit area, and the evaluation function V ;. is set to zero
for the other joints. When the avoidance of the first limit is
completed, the joint angle command becomes zero.

The evaluation function V ;- is obtained based on the
magnitude of the difference between the set angle 6, ;,, and
the angle feedback (the current value of the joint angle) 6 of
each joint, as indicated by Equation (4b).

The joint angular speed command ¢, . is then calculated
such that the joint goes away from the joint movable range,
from the gradient of the evaluation function V ;..

(2) Calculation of Joint Angular Speed Command ¢~

The joint angular speed command ¢, for avoiding the
second limit is calculated by Equation (5), Equation (6a), and
Equation (6b), based on an evaluation function V,,~ (an
example of the evaluation function A).

Equation (4b)

boac=Tp grad(Vouc) Equation (5)

When D_<D<D,:

Vouc=0 Equation (6a)

Except when D_<D<D,:
Vou4c=0.5K04 C(DLIM—D)2

In Equation (5), the matrix J is the Jacobian matrix of the
closest point calculated from a part (closest point) of the robot
12 that is closest to an obstruction. While the robot 12 is
avoiding the limit, the closest point is newly calculated when
the current value of the joint angle of the robot 12 is changed.

The processing of Equation (5) is performed for each of the
joint axes J1 to J7. The processing of Equation (6a) and
Equation (6b) is performed for each axis (the X axis, the' Y
axis, and the Z axis) of the robot coordinate system Cr. The
coefficient K, is the gain (weight) of the avoidance com-
mand.

The distance D, ,, is a set distance set as a distance by
which the robot 12 can approach an obstruction. The obstruc-

Equation (6b)
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tion is set as model data in the robot control device 14, for
example, by reading CAD data or model data of an offline
simulator. As another example, the obstruction is set by actu-
ally measuring data of the obstruction using a camera or a
laser sensor. As yet another example, the obstruction is set by
the operator manipulating the teaching pendant 16.

The distance D is the shortest distance from the obstruction
to the robot 12.

The distance D_ and the distance ID, are the upper limit
and the lower limit, respectively, of the distance D,,,, and
represent the limit area in which the evaluation function V
is calculated (see FIG. 8).

As indicated by Equation (6a) and Equation (6b), the evalu-
ation function V- is calculated in the case where the robot
12 enters the limit area, and the evaluation function V. is
set to zero in the other cases. When the avoidance of the
second limit is completed, the joint angular speed command
¢ o4 becomes zero.

The evaluation function V- is obtained based on the
magnitude of the difference between the distance D, ;,, and
the distance D, as indicated by Equation (6b).

The joint angular speed command ¢, is then calculated
from the gradient of the evaluation function V. and the
Jacobian matrix J such that the robot 12 goes away from the
obstruction.

(3) Calculation of Joint Angular Speed Command ¢,

The joint angular speed command ¢, for avoiding the
third limit is calculated by Equation (7), Equation (8a), and
Equation (8b), based on an evaluation function Vg, (an

example of the evaluation function A).
Pssc=grad (Vsac) Equation (7)

When o_<w<o,:

Vsac=0 Equation (8a)
Except when o_<w<wm,:

[Formula 1]

Vs.ac=Ks.ac¥det(/1) Equation (8b)

The processing of Equation (7), Equation (8a), and Equa-
tion (8b) is performed for each of the joint axes J1 to J7. The
coefficient K, - is the gain (weight) of the joint angular speed
command.

The angular speed command wis the angular speed com-
mand for each joint.

The angular speed w_ and the angular speed w, are the
upper limit and the lower limit, respectively, of the angular
speed command wfor a joint and represent the limit angular
speed in which the evaluation function V. is calculated.

As indicated by Equation (8a) and Equation (8b), the evalu-
ation function V. is calculated only for the joint given the
joint angular speed command wexceeding the limit angular
speed w_, w,, and the evaluation function Vg, is set to zero
for the other joints. When the avoidance of the third limit is
completed, the joint angular speed command ¢, becomes
Zero.

Whether the case is Equation (8a) or Equation (8b) is
determined based on the angular speed command w. Deter-
mination of the singular posture is made before the case
determination. That is, the determination as to the posture of
the robot 12 is carried out in advance, and Equation (8a) or
Equation (8b) is calculated after the singular posture is deter-
mined.

The evaluation function Vg, is obtained based on the
manipulability of the hand of the robot 12, as indicated by
Equation (8b).
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The joint angular speed command ¢, is then calculated
from the gradient of the evaluation function V¢, . such that the
joint goes away from the singular point.

The limit avoidance command generator 145 outputs the
generated joint angular speed commands ¢ ;; -, ¢y Psac aS
the joint angular speed command ¢; -

The limit avoidance command generator 145 outputs the
sum of the generated joint angular speed commands ¢ ; -,
P oucs Psyc as the joint angular speed command ¢, , . That is,
when two or more limits occur, the sum of the joint angular
speed commands for avoiding the corresponding limits is the
joint angular speed command ¢, , -

(Step Sa32)

The second command generator 14e calculates the joint
angular speed command w;,, for avoiding a limit by the
following equation with the position and posture of the hand
being kept using the null space matrix N, and generates the
calculated joint angular speed command w;,, as the joint
angular speed command wref2. As previously mentioned, the
null space matrix N is used to decide a control target axis as
the redundant degree of freedom in each control cycle and
calculate the joint angular speed command w; ;-

OraNOrarr Equation (9)

Here, the joint angular speed command ¢, ,,-1s the sum of
the joint angular speed commands ¢ ;; -, ® o4 Psqc TOr limit
avoidance that are output by the limit avoidance command
generator 144.

Other than Equation (9), Equation (10) to Equation (12)
may be used to calculate the joint angular speed command
;a7 for avoiding a limit with the position and posture of the
hand being kept.

Viaer=I0rar Equation (10)

where V;, - is a virtual hand speed command calculated
from ¢; 5,7

[Formula 2]

Oraer= Vimr Equation (11)

where ¢, 18 a virtual joint angular speed command cal-
culated from V-

[Formula 3]

OparrPrarr—Prarr Equation (12)

The first term (¢, ,,,) of Equation (12) is a joint angular
speed for avoiding a limit. The second term of Equation (12)
is a joint angular speed command in which the angular speed
norm is the smallest among joint angular speeds that produce
V1 Since the first term and the second term are different,
limit avoidance can be performed with the position and pos-
ture of the hand being kept.

When the operator of the robot 12 releases the finger from
the first limit avoidance button 21, the joint angular speed
command wref2 output by the second command generator
14e becomes zero.

As described above, step Sa31 and step Sa32 are processed
in order, whereby the limit avoidance operation at step Sa3 is
performed.

As described above, when the robot 12 reaches a limit, the
first limit avoidance button 21 can be used to reduce the time
and eftfort for the operator of the robot 12 on concentrating on
the avoidance operation, for example, in which direction and
how many times the redundant axis should be moved to avoid
a limit. That is, the operator can perform limit avoidance
online by pressing the first limit avoidance button 21. The
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operator can also decide the operating angle of a joint of the
actual robot 12 by adjusting the time for pressing the first limit
avoidance button 21.

(Step Sad)

The operator determines whether the position and posture
of the hand of the robot 12 reaches the desired position and
posture.

When the operator determines that the desired position and
posture is reached, the next step Sa5 is performed.

On the other hand, when the operator determines that the
desired position and posture is not reached, step Sal is per-
formed. That is, the operator moves the robot 12 again using
the teaching pendant 16. However, when the robot 12 reaches
the limit (reach limit) of the operating range, the robot 12
cannot move any further in a predetermined direction. The
reach limit is decided by design parameters such as the link
length and the joint movable range of the robot 12. The reach
limit is preset in the robot control device 14.

(Step Sa5)

When the position and posture of the hand reaches the
desired position and posture, the operator selects the kind of
optimization (the first optimization or the second optimiza-
tion), and the operator of the robot 12 presses the first posture
optimization button 22 to input the signal B, and the signal
B to the posture optimization command generator 14¢. The
following step Sa51 and step Sa52 (see FIG. 4) are thereafter
processed in order.

As a result, the posture optimization operation is per-
formed to optimize a posture of the robot 12 having a redun-
dant degree of freedom with the position and posture of the
hand being kept, using the redundant degree of freedom of the
robot 12.

(Step Sa51)

The posture optimization command generator 14c¢ illus-
trated in FIG. 1 calculates the joint angular speed command
¢ 2z for reducing the operating time or the joint angular
speed command ¢, for improving manipulability, in accor-
dance with the kind of optimization (the value of the signal
Bgz;) selected by the operator. It is noted that the same
variable ¢, 1s used because ¢, for avoiding the third limit
that is generated by the limit avoidance command generator
144 and ¢, for improving manipulability that is generated
by the posture optimization command generator 14¢ both are
commands to move away from the singular point.

(1) Calculation of Joint Angular Speed Command ¢

The joint angular speed command ¢, for reducing the
operating time is calculated by Equation (13) and Equation
(14), based on the evaluation function V ;. (an example of
the evaluation function B).

Prarc=grad(Vrsc) Equation (13)

Vraec=0-5K rarc(O ragc—0)? Equation (14)

In Equation (13) and Equation (14), the variable i denotes
the number (1 to 7) of a joint axis. The coefficient K ;. is the
gain (weight) of the joint angular speed command.

The angle 04, is the joint angle at the previous teaching
point (the teaching point immediately preceding the current
teaching point). The operating time of the robot 12 from the
previous teaching point to the current teaching point can be
reduced by controlling the joint angle of the joint axis of the
robot 12 at the current teaching point such that it approaches
the joint angle of the joint axis of the robot 12 at the previous
teaching point. Which axis is to be set as a control target (to be
given the joint angular speed command for reducing the oper-
ating time) varies depending on the posture and the operating
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direction of the robot in each control cycle and is calculated
using the null space matrix N.

The angle 0 is the current value of the angle of each joint.

As indicated by Equation (14), the evaluation function
V sc 18 obtained based on the magnitude of the difference
between the angle 0 1, .-~ and the angle feedback of each joint
(the current value of the angle of each joint) 6.

The joint angular speed command close to the previous
teaching position, that is, the joint angular speed command
O a0 Tor reducing the operating time, is then calculated from
the gradient of the evaluation function V ;.

The operating time can be reduced more by setting a large
gain for the joint with a great maximum operating speed. That
is, a more efficient operation command is generated by allow-
ing the joint with a great operating speed to operate by a large
amount and allowing the joint with a small operating speed to
operate by a small amount.

(2) Calculation of Joint Angular Speed Command ¢,

The joint angular speed command ¢, for improving
manipulability is calculated by Equation (15) and Equation
(16), based on an evaluation function V. (an example of the
evaluation function B).

Psac=grad(Vssc) Equation (15)
[Formula 4]
Vsac=Ksa Ci\/det(‘] ) Equation (16)

As indicated by Equation (15) and Equation (16), the
evaluation function Vg, is calculated based on the manipu-
lability of the robot 12, and the joint angular speed command
$s.4c 15 generated by the same method as in the singular point
avoidance at step Sa31.

(Step Sa52)

The second command generator 14e illustrated in FIG. 1
calculates the joint angular speed command ., by the
following equation for optimizing a posture of the robot 12
with the position and posture of the hand being kept using the
null space matrix N and generates the calculated joint angular
speed command o, as the joint angular speed command
wref2.

Wopr=Nopr Equation (17)

Here, the joint angular speed command ¢, -is either of the
joint angular speed commands ¢, .-, ¢4 for optimizing the
posture of the robot 12 that are output by the posture optimi-
zation command generator 14c¢.

When the operator of the robot 12 releases the finger from
the first posture optimization button 22, the joint angular
speed command wref2 output by the second command gen-
erator 14e becomes zero.

As described above, step Sa51 and step Sa52 are processed
in order, whereby the posture optimization operation at step
Sa5 is performed.

As described above, a posture of the robot 12 can be opti-
mized with the position and posture of the hand being kept
using the null space matrix N related to the hand.

Here, at step Sa5, the operator of the robot 12 can predict
the behavior in the posture optimization operation of the robot
12, using the robot posture optimization assist function. The
robot posture optimization assist function will be described
below.

As previously mentioned, the graphics image of the robot
model at present is rendered by the robot model rendering unit
167 illustrated in FIG. 6, in the display area D2. The graphics
image of the robot model with the optimized posture is ren-
dered inthe display area D3 by the robot model rendering unit
167
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First, after the hand of the robot 12 reaches the desired
position and posture, the operator presses the switch button
25 illustrated in FIG. 1 to switch the manipulation target from
the actual robot 12 to the robot model displayed in the display
area D3. The kind of optimization (the first optimization or
the second optimization) is also selected.

The operator then presses the first posture optimization
button 22. The signal S (see FIG. 6) is input to the posture
optimization command generator 16¢ of the teaching pendant
16. The posture optimization command generator 16¢ calcu-
lates the joint angular speed command ¢, in accordance
with the kind of optimization selected by the operator of the
robot 12. The second command generator 16e generates the
joint angular speed command wref2a based on the joint angu-
lar speed command ¢4, calculated by the posture optimi-
zation command generator 16¢ and the null space matrix Na
calculated by the null space matrix calculator 16d.

The robot model rendering unit 167 renders the graphics
image of the robot model at the joint angle 6,, in the display
area D3, based on the joint angle 0,, obtained by adding the
current value 6fb of the joint angle of the robot 12 that is
transmitted from the robot control device 14, to the joint
angular speed command integrated by the integrator 16/. That
is, the graphics image of the robot 12 with the optimized
posture is displayed in the display area D3.

The operator can decide the operating angle (the degree of
optimization) of the joint of the robot model by adjusting the
time for pressing the first posture optimization button 22.

The robot 12 optimized by the second optimization (opti-
mization for improving manipulability) is rendered in the
display area D3 illustrated in FIG. 5. When compared with the
posture of the robot 12 at present that is rendered in the
display area D2, the robot 12 rendered in the display area D3
is improved in manipulability of the hand.

As described above, the operator can view the graphics
image of the robot 12 with the optimized posture on the
display area D3 by performing the posture optimization assist
function.

An individual evaluation index may be selected for each
teaching position, and the redundant degree of freedom can
be optimized with the selected evaluation index, rather than
deciding the redundant degree of freedom related to all the
teaching data using a uniform evaluation index (for example,
evaluation function) decided in advance. In other words, the
operator can select optimization means for each teaching
point, rather than optimizing all the positions related to teach-
ing data in the work program with the same evaluation index.

Next, after viewing the posture of the robot model in the
display area D3, the operator presses the switch button 25 (see
FIG. 1) again to switch the manipulation target from the robot
model displayed in the display area D3 to the actual robot.

The operator can decide the final teaching position by
optimizing the posture of the redundant degree of freedom of
the actual robot 12.

The operator can decide the operating angle (the degree of
optimization) of a joint of the actual robot 12 by adjusting the
time for pressing the first posture optimization button 22.

As described above, the robot system according to the
present embodiment can avoid a limit with the position and
posture of the hand being kept, before the robot 12 reaches a
limit. After the robot 12 reaches a target position, the posture
of'the redundant degree of freedom can be optimized with the
position and posture of the hand being kept. That is, the
operator can decide online the joint angle of the robot 12

40

45

14

including the redundant degree of freedom, thereby improv-
ing the manipulability of the redundant robot.

Second Embodiment

The robot system according to a second embodiment will
now be described. The same components as in the robot
system 10 according to the first embodiment are denoted with
the same reference signs, and a detailed description thereof
may be omitted.

A teaching pendant 116 is further provided with a second
limit avoidance button 121 and a second posture optimization
button 122, as illustrated in FIG. 9.

The second limit avoidance button 121 is a button for the
operator to give an instruction to avoid a limit. When the
second limit avoidance button 121 is pressed, the teaching
pendant 116 outputs the signal A. The second limit avoidance
button 121 takes alternate action. That is, once the second
limit avoidance button 121 is pressed, the teaching pendant
116 outputs the signal A until the second limit avoidance
button 121 is pressed again.

The second posture optimization button 122 is a button for
the operator to give an instruction to optimize the posture of
the robot 12. When the second posture optimization button
122 is pressed, the teaching pendant 116 outputs the signal B.
The second posture optimization button 122 takes alternate
action. That is, once the second posture optimization button
122 is pressed, the teaching pendant 116 outputs the signal B
until the second posture optimization button 122 is pressed
again.

The operation of the robot system according to the second
embodiment will now be described based on FIG. 10.

(Step Sb1)

The robot control device 14 reads model data of an obstruc-
tion and the robot 12 from CAD data of the robot 12 or an
offline simulator. As a result, a model of the obstruction is set
in the robot control device 14.

(Step Sb2)

The operator presses the second limit avoidance button 121
and the second posture optimization button 122 provided on
the teaching pendant 116. The signal A and the signal B
output from the teaching pendant 116 are input to the limit
avoidance command generator 145 and the posture optimiza-
tion command generator 14¢, respectively, of the robot con-
trol device 14.

The limit avoidance command generator 145 and the pos-
ture optimization command generator 14¢ of the robot control
device 14 output the joint angular speed commands ¢, ,,-and
$opr respectively.

(Step Sb3)

The operator also selects the kind of optimization (the first
optimization or the second optimization). The signal B,
corresponding to the kind of optimization is input to the
posture optimization command generator 14¢.

(Step Sb4)

In order to move the hand of the robot 12 to the desired
position and posture, the operator presses the jog manipula-
tion button 20 to jog-manipulate the robot 12. The limit avoid-
ance operation and the posture optimization operation are
then performed automatically.

The joint angular speed commands for the limit avoidance
operation and the posture optimization operation are obtained
by the same methods as in the processing at step Sa3 and step
Sa5, respectively, as explained in the first embodiment. That
is, in the present step Sb4, the joint angular speed command
wrefl for implementing the hand speed command V output by
the first command generator 14a based on Equation (2) is
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added to the joint angular speed command wref2 output by
the second command generator 14e to generate each joint
angular speed command wref3 for robot 12. This joint angular
speed command wref2 is the sum of the joint angular speed
command ¢, . (see Equation (9)) for avoiding a limit with
the position and posture of the hand being kept and the joint
angular speed command o, (see Equation (17)) for opti-
mizing a posture of the robot 12 with the position and posture
of the hand being kept.

When the second limit avoidance button 121 and the sec-
ond posture optimization button 122 are pressed again, the
teaching pendant 116 stops output of the signal A and the
signal B, so that execution of the limit avoidance operation or
the posture optimization operation is cancelled.

The operator can execute only one of the limit avoidance
operation and the posture optimization operation by pressing
only one of the second limit avoidance button 121 and the
second posture optimization button 122.

The method illustrated in the present embodiment allows
the limit avoidance operation and the posture optimization
operation to be performed automatically and thereby
improves the manipulability of the redundant robot.

Of the first and the second limit avoidance buttons and the
first and the second posture optimization buttons, only a but-
ton corresponding to the required function may be provided
on the teaching pendant.

The buttons are not limited to hardware buttons. The but-
tons may be buttons implemented by software.

The present invention is applicable not only in a case where
the actual robot is used as illustrated in the foregoing embodi-
ments but also in a case where a simulation model of the robot
isused. That is, it is also usable for checking the validity of the
work program using an offline simulator.

Additional advantages and modifications will readily
occur to those skilled in the art. Therefore, the invention in its
broader aspects is not limited to the specific details and rep-
resentative embodiments shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general inventive
concept as defined by the appended claims and their equiva-
lents.

What is claimed is:

1. A robot system comprising:

a robot having a plurality of joint axes including a redun-
dant axis, the joint axes being driven by a servomotor;
and

a robot control device that controls the robot,

the robot control device comprising:

a first command generator configured to generate a first
joint angular speed command for the robot on the
basis of an input speed command for a control point of
the robot;

alimit avoidance command generator configured to gen-
erate a joint angular speed command A for the robot
for avoiding a state in which the robot reaches an
operating limit, on the basis of an evaluation function
A, while a signal A is being input;

a posture optimization command generator configured
to generate a joint angular speed command B for the
robot for optimizing a posture of the robot, on the
basis of an evaluation function B, while a signal B is
being input,

a null space matrix calculator configured to calculate a
null space matrix of a Jacobian matrix related to the
control point,

a second command generator configured to generate a
second joint angular speed command for the robot on
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the basis of the joint angular speed command A, the
joint angular speed command B, and the null space
matrix, and
a controller configured to control the servomotor on the
basis of a third joint angular speed command that is a
sum of the first and second joint angular speed com-
mands.
2. The robot system according to claim 1, wherein
the evaluation function A is calculated based on a differ-
ence between a set angle set as a movable limit angle of
each joint of the robot and a current value of an angle of
the joint, and
the limit avoidance command generator generates the joint
angular speed command A on the basis of a gradient of
the evaluation function A.
3. The robot system according to claim 1, wherein
the evaluation function A is calculated based on a differ-
ence between a set distance set as a distance by which the
robot is capable of approaching an obstruction and a
distance from the obstruction to the robot, and
the limit avoidance command generator generates the joint
angular speed command A on the basis of a gradient of
the evaluation function A.
4. The robot system according to claim 1, wherein
the evaluation function A is calculated based on manipu-
lability of the robot, and
the limit avoidance command generator generates the joint
angular speed command A on the basis of a gradient of
the evaluation function A.
5. The robot system according to claim 1, wherein
the evaluation function B is calculated based on a differ-
ence between an angle of each joint at a previous teach-
ing point of the robot and a current value of the angle of
the joint, and
the posture optimization command generator generates the
jointangular speed command B on the basis of a gradient
of the evaluation function B.
6. The robot system according to claim 2, wherein
the evaluation function B is calculated based on a differ-
ence between an angle of each joint at a previous teach-
ing point of the robot and a current value of the angle of
the joint, and
the posture optimization command generator generates the
jointangular speed command B on the basis of a gradient
of the evaluation function B.
7. The robot system according to claim 3, wherein
the evaluation function B is calculated based on a differ-
ence between an angle of each joint at a previous teach-
ing point of the robot and a current value of the angle of
the joint, and
the posture optimization command generator generates the
jointangular speed command B on the basis of a gradient
of the evaluation function B.
8. The robot system according to claim 4, wherein
the evaluation function B is calculated based on a differ-
ence between an angle of each joint at a previous teach-
ing point of the robot and a current value of the angle of
the joint, and
the posture optimization command generator generates the
jointangular speed command B on the basis of a gradient
of the evaluation function B.
9. The robot system according to claim 1, wherein
the evaluation function B is calculated based on manipu-
lability of the robot, and
the posture optimization command generator generates the
jointangular speed command B on the basis of a gradient
of the evaluation function B.
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10. The robot system according to claim 2, wherein

the evaluation function B is calculated based on manipu-
lability of the robot, and

the posture optimization command generator generates the
jointangular speed command B on the basis of a gradient
of the evaluation function B.

11. The robot system according to claim 3, wherein

the evaluation function B is calculated based on manipu-
lability of the robot, and

the posture optimization command generator generates the
jointangular speed command B on the basis of a gradient
of the evaluation function B.

12. The robot system according to claim 4, wherein

the evaluation function B is calculated based on manipu-
lability of the robot, and

the posture optimization command generator generates the
jointangular speed command B on the basis of a gradient
of the evaluation function B.

13. The robot system according to claim 1, further com-

prising:

a teaching pendant that teaches a position and posture of
the robot, wherein

the teaching pendant includes a first signal output unit that
outputs the signal A and a second signal output unit that
outputs the signal B.

14. The robot system according to claim 13, wherein the

teaching pendant further includes:

a display screen; and

arendering unit that renders a graphics image representing
aposture of the robot at present and a graphics image of
the robot with the posture optimized, on the display
screen.

15. A robot control device comprising:

a first command generator configured to generate a first
joint angular speed command for a robot having a plu-
rality of joint axes including a redundant axis, on the
basis of a speed command for a control point of the
robot;

a limit avoidance command generator configured to gen-
erate a joint angular speed command A for the robot for
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avoiding a state in which the robot reaches an operating
limit, on the basis of an evaluation function A, while a
signal A is being input;

a posture optimization command generator configured to
generate a joint angular speed command B for the robot
for optimizing a posture of the robot, on the basis of an
evaluation function B, while a signal B is being input;

anull space matrix calculator configured to calculate a null
space matrix of a Jacobian matrix related to the control
point;

a second command generator configured to generate a sec-
ond joint angular speed command for the robot on the
basis of the joint angular speed command A, the joint
angular speed command B, and the null space matrix;
and

a controller configured to control a servomotor on the basis
of a third joint angular speed command that is a sum of
the first and second joint angular speed commands.

16. A method for controlling a robot that has a plurality of
joint axes including a redundant axis that are driven by a
servomotor, the method comprising:

generating a first joint angular speed command for the
robot on the basis of an input speed command for a
control point of the robot;

generating a joint angular speed command A for the robot
for avoiding a state in which the robot reaches an oper-
ating limit, on the basis of an evaluation function A,
while a signal A is being input;

generating a joint angular speed command B for the robot
for optimizing a posture of the robot, on the basis of an
evaluation function B, while a signal B is being input,

calculating a null space matrix of a Jacobian matrix related
to the control point,

generating a second joint angular speed command for the
robot onthe basis of the joint angular speed command A,
the joint angular speed command B, and the null space
matrix, and

controlling the servomotor on the basis of a third joint
angular speed command that is a sum of the first and
second joint angular speed commands.
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